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On Ikccmbcr 5, 1996, NASA will launch its first
Discovery Class  Mission, the Mars Pathfinder. On July
4, 1997 lhc 450 kg spacecraft will enter into the Martian
atmosplctc  and dcsccnd directly to the surface using a
viking style acroshcll,  parachrrtcs, RAD rockets, and
ai[bags to slow its dcccnt. Once on the surfacz the
tctralcdrally-shaped lander will open like a flower and
rclcasc a 10.5 kg rover previously to the inside surfiicz d
OIIC  of tk lander’s three deployable petals. The rover
will then drive off IIC lander and begin to pcrfonn a wide
~allflc  of Scicllliflc  a]d tcclmolo~ical  cxpcrimcrlts

“]’lIc si~lkiflcallcc  of Illc rover is that althouf$ it is formally
part of tllc n]ission’s  inshulncnt  payload, it is in reality a
small  spxcxmti.  11 pcrfonns  a l l  t h e  functiom  IIiat a
Iyl)ical spxccmft pcrfornrs including: navi~ation;
coIlllmnd  al)d data handling (command execution, data
acquisition, Iclcmctry packctizalion);  power generation,
distribution, and control; thcnnal control;
tclccollll~~~lllicatiot~;  and instrument, sensor, and actuator
control. l’hc rover is also quite unique in that its total
cost of dcvclopmcnt  as WC1l as support for mission
opcratiom$ is $2?5.5M [4]. This is more than an order d
magnitude lCSS than the cost of any previously flown
interplanetary spcccratl. The rover is also being
dcvclopcd and built  in only 3 years, which inchrdcs
conceptual design on up to delivery and launch of the
fli~llt  article.

I’hc dcsi~n of the rover has been influenced by a wide
r~ll~c of mission, environmental, and programmatic
constraints. These have included scvcrc limitations upon
mass and volume; the need to survive the launch and
landing loads; the desire to bc as indcpcndcnt  from the
Iandcr as possible; and the need to operate on the surfkc
of Mars. The mass and volume constraints were
particularly diflicult  to deal with and had an inuncdiatc
impact upon how much power could bc gcmmtcd
onboard. As a consequence power, or the lack tlwrcof,

quickly bccanw a n~jor design constraint impacting
nearly every aspect of the rover’s design in particular the
cent rol systcm.

I%is paper provides an overview of the design of the Mars
Pathtindcr  Microrovcr  with an emphasis on how its
integrated design enables it to perform all of the f~mctions
normally associated with entire spaccaaft. ‘I”hc impact
that mass, volume, and power constraints hwc had upm
the design will also bc discussed.
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I’lIc Mars Pathfmdcr  Microrovcr  is a 10.5 k~, 6 WIICCIMI
robotic vchiclc which will bc dclivcrcd  10 Mars aboald  the
Mars I’athfmdcr Spacwraft on July 4, 1997. “l”lIc l-over,
which  is formally part of the spacccmf{’s instru  mcnt
payload, will pcrfonn scicnlif]c  and  tcchno]ogical
cxpcrimcnts,  and take inragcs  of the lander, Although the
rover is formally an instrrrmcnt,  it in fact perform all d
the functions that a typical spacecraft pcrfonns.  1( is sclf-
containcd,  self-powered, and operates autonomously in a
hwardous and unknown cmvironmcnt.  Most importantly,
the rover, using its onboard computer and navigation
sensors, is capable of executing high lCVC1 comrn.wds
(e.g., Go-to-Waypoint  X,Y) and navigating around tcrmin
lwards without human intervention.

The flight rover dcpictcd in Figure 1 is 68 cm loIIg by
48 cm wide by 28 cm high when fully deployed. While
encapsulated in the lander during launch, cruise, entry and
dcccnt, the rover is stowed in its prc-deployed
conjuration with a height of only 18 cm. I’hc siz.c cf
the rover, which was dictated by the size ad
configuration of the lander, posed a major challcngc to its
designer-s. In addition to the effort nccdcd to design, test,
and qualify light weight n]cclranisms,  sensors, and
structural components, the  vchiclc’s l imited sim
essentially dictated how much power it could gcncratc.
l’hc resulting limitations on the amount of power which
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could bc gcncm(cd  had a fundamental impacl  upon the
dcsigll  of lhc vchiclc’s  overall control sys(crn.
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I:i.gurcl:  N4ars  Pathfinder Microrovcr  (MFEX)

MODII.1’1  Y

‘l”lic basic nlcclranical  dcsir,n  of tlLc rover is based upon a
6 wlicclcd  rockcl-bogic  suspension system [1]. This
systcl~]  cILA~lcs (I)c rover to Inwcrsc across (11C nk~ly
difTc)cmt types of tcmin Conditions which arc cxpcc[cd to
cxis[  at (lIC landing site (e. g., rocks, sa[ld,  fiIIC dust, and
conhi]ulions  Illcrcof),

I’IK rocker-bogic suspension systcm consists of a pair d
t igid linkages on each side of the vchiclc  which arc
at~aclrd to onc anotlcr  by a passive rotary joint. The
front and middle wheels arc rigidly attached to each end d
tk forward linkage, the bogic.  The rear whcd is attached
to the rear cnd of the mar linkage, the rocker. The forwmd
ml of tlc rocker is attached to the middle of the bogic
through a rotational joint. The rocker, and }CIKZ  the
three wheels, is auachcd  to the vclriclc’s  chassis by a
second rotary joint on the rocker located forward of the
rear wheel. 311c rockers on each side of the vchiclc  arc
conncc(cd  to onc anolhcr  and the clnssis  by a member to
crcatc a diffcrcntia]  bctwccn tlw two sides of the vchiclc.

l’hc rocker-bogic suspension syslcm,  in combination with
[hc dcsi~n of the wheels and wheel treads, provides the
rover with an cxhvmcly  high dcgrcc of mobility. As the
vchiclc  drives, the wheels arc free to move up and down
indcpcndcnl  Iy of onc another and to follow the con(our d
the tcrlain.  The kinematics of the design arc such that the
wcigld of (IIC vchiclc  remains nearly equal across all six
wheels. Testing has verified that the vchiclc  can safely

climb obs[aclcs  1 1/2 WhCCl  dianlctcrs  in height. It can
also climb  S1OPCS to within  3 dcgr~s of the soils allglc  d
repose.

The four corner wheels am indcpcrldcntly  stccrablc atd
enable the vchiclc  to drive along an arc or to turn in place
(i,c., about  its center). Illc latter is particularly useful  fdr
navigating in highly com{raincd  cnvironmcuts.

~@w1;R G1~N1;RA~’ION

llc rover is powered by solar energy antior energy stored
within three LiSOC12 battcncs  [6]. I’hc batteries arc
housed within the rover’s Warm Electronics Ilox (WEB)
arti arc capable of providing at least 1 SO Whr. T}IC
O .221u]  GaAs/Gc  solar array [6], which covers the entire
top of the rover, is capable of generating a nmxirnum  of 16
watls  on Mars at the Arcs Vallis  landing site (15% la!,
165°W long) assuming nominal atmospheric conditions.
Iltc currclti  .VS. voltage (IV) curves of the panel for a Tau
of 0.2 and a tili of 0° is plotted in I~igurc 2 and the typical
maxinmm daily power output of t!~c panel is shown in
Figure 3.

Solar energy is assumed to bc Ihc prirrrary nlcar~s  fbr
powering the vchiclc during the mission. The batl.cries
arc intcr)dcd to trc a backup to {hc solar anay sltould  t}lc
artay suffcc SCVCIC darna~c dulill~ landing  and/or failure
for ally reason I“hc cncr.gy s(oragc capability of tllc
rover’s ba[tclics  is such tllal tllc rover can Pcrforlll its
entire 7 day primary nlission  w’itliou( any solar power.
The usc of rcchargab]c ba[lclics  was prccludcd by the fkt
that rcchargab]c  ba[tcrics  have a relatively high mass to
energy storage rdtio.
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Figrrrc 2: Solar Panel IV Curves (-l’au = 0.2, l’ilt  = 0°)
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Fi~urc  3: Maximum Solar Panel Power Output .VS. Time

(Ml’)

Under nominal conditions, the batteries will bc used to
pcrfonn ccrlain  cxpcrirncnts a( night, such as [hc gathering
of long intcg~a(ion-tirnc  spectra with the Alpha Proton X-
Ray Spcctrorl~ctcr (APXS) and routine health checks, .

l’hcy will also bc used, if nccdcd, to provide short bursts
of energy if cxlrcrnc  tcrlain  conditions arc cncountctcd,  r
lhc batlcrics  were to fail or bc cornplctcly  disc] klrgcd
Cil]m[  ]Jrior to deployment or durinz SLl~aCX  opc]atioIls,
I]IC rL)VCr }Vil] sli]i  bc ab]c to pcrforrn  an crltirc rrlission, .

includirlg  a 3(I day cxtcrldcd nlission,  using only solar
Imwcr.

P13W1;I<  MANAGEMEN’]”

The rover contains a relatively cornplcx  power
distritmtiorl  and power rnanagcmcrlt  systcm as illustratti .

in IIIC furrc(ioml  block diagram in Figure 4. l’his  is
required duc 10 a vancty  of factors including: the need to
provide nurncrous  controlled supplies for the rmrry
onboard sensors (e.g., carncras, gyro, accelcrornctcrs),  the
need to maintain a high dcgrcc of reliability in tl~ event
of a dcvicc faihrrc, the MA to dnvc in unknown tcmin  for ●

which if is inqmssiblc  to accurately prcdic( how much
power will trc nczdcd, and most  inlportarltly,  IIIC need to
opcrdtc  using only solar power.

While a cornp]ctc  discussion of the details of the pcnvcr
dis(ritmtiorl  and control syslcm is beyond tllc scope rj’
tliis  paper, several features arc worth mcnliorting.
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a brownout conditior~ caused by cxccssivc  loadlrlg  by
the actuators.

‘I”IIC  bat(cry  bybass switch crrablcs  the vchiclc to
power tt~ motors  using battery power in the cvcrlt cf
a solar parrcl failure.

The “3 Battery String Switch” (3RSS) is a latching
relay which is closed only after Ihc vchiclc has larded
on Mars. 7?ris switch ensures that battery strirlgs  II
and C remain offline during the 7 month cnrisc.  This
prmcrvcs  their passivation  layer, providing greater
energy rctcntiom  and protcck the bat(crics  from bcirrg
accidcrrtally dcplctcd  during cruise.

The latching relay on the inpu[  side of tlrc !).0 V
convcrtcr  enables the vchiclc  to power the APXS
directly oJT t}w batteries and hence acquire Spcctrd  al
night even though the vchic]c’s  CPU has been
shutdown,

]’hc power monitor is a hardware circuit, which in
;ornbilralion with S/W allows the vcllic]c  to
~raccfully shutdown at cnd of each day as tllc sun

;ocs dowm.

l’hc l o a d  sllcddcr i s  a  Jrardfvarc circuil w]lich
norlitors the vol[acc of tllc Core Ilm and
mnlcdia[cly turl~ off all dcviccs  arid supplied if tlIc
‘ol(a~c drops below a preset value. ]t [) JOICCtS ItiC

3’U from uncxpcctcd  pmrcr surges and inforllts  IIIC
Y(J of the event via an in[crnrpt,

‘hc “1 .andcr  Controlled Power Switch” (I,CPS) is a
ragnctical]y coupled to the Iandcr  so that the Iandcr
an periodically wakeup the rover for bncf Wliods
uring cruise to pcrforrn  simple health checks using

~attcry power,

‘hc “Alarn~-Clock  Controllcct  P o w e r  Swiich”
ACPS) is contro]lcd  by an independently powered
lam) clock circuit. When the alarm clock goes d“
!IC rover wakes up. This switch is used to wakeup
‘IC vchiclc  if it didn’t w’akcuJ]  w]lcn  it was nomirurlly
qwctcd to. For cxarnplc,  if ~hc solar panel failed
uring tllc night  this switch would cause tllc vclIiclc
) wake up on bat(cry power.

● q’lic ct]mcrli  ]irnitcr is a lrardwam  circuit which is Although not explicitly sllol~,rl,  the rover’s power
designed 10 insure that the Core Bus will not dip distribution and control systcm contains  58 indcpcndcntly
below 13.5 volts regardless of how loaded the controlled power switches. Managing the cordigum(ion
motors bccomc.  Dasical]y,  it protccls  the CPU from and activation of these switches based UpOn tllc arnoun[ d

measured power availab]c fronl the so]ar Wrrcl  and amount
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Figure 4: Rover Power Sys[cIII Functional Illock I)iagranl

of energy lcll in the batteries is a significa]ti  task for a
vchiclc as computationally  limited at this one.

Thc amount  of solar power produd  by tlc rover’s solar
army will vary as a function of sun angle (i.e., tinwof-
day), vchiclc  tilt, panel tcmpcraturc,  and atn~osphcric
conditions. Under nominal conditions, however, the
alnount  of solar power available will vary primarily as a
function of the time-ofdy as illus(ratcd  in Figure  3.
1 Apclinlcllts  and/or act ivitics such as driving whjctl
require sigl(ificant  anlounts  of power mus( bc pcrfonlti
as C1OSC to noon as possible. To make as much usc of the
day as possible, the rover has been designed 10 wake up
and initiate operations with as little as 4.0 W ofpowcr.

1’1 II;RMA1 / DESIGN AND COIW’1{01.

Thc Matiian  thcrrnal cnvimnmcl~t  is cxtrcrncly ha r sh ,
Night  t imc lcrnpcraturcs  are cxpcctcd 10 go bclo}~~  -1 OO°C

and day tirnc tcrnpcraturcs arc likely to reach only -20°C.
In order for the rover’s electronics and critical sensors to
survive such an environment, they rnusl bc housed within
a protective Ihcnual  cnclosurc. For the rover, this
cnclosurc called (}1c Warm Electronics Ilox (W1311)  is also
Ihc chassis of the vchiclc.

I’lIc WI;II is a box like s(ructllrc  WIIOSC walls arc fonnd
fron~ thin fiberglass fm sl~cts  bonded to “Z” sllapcd
aluminum spars. I’hc 1.0” gap bctwmn  tl[c faz sheets is
filled with blocks of an ultla  IOW-IWMS version of solid
silica acrogcl which provide the primary nlcarLs  d
insulation I’hc acrogcl has a dcnsi(y of only 20 nl~jcc
and cxccptiolnl  lhcrlna]  properties.

The WIHI, in conjuctiort  with the vchiclc’s active and
passive thermal control SySICIn, is dcsigllcd  to keep the
rover’s electronics, modcm,  battctics,  APXS clcclronics,
and other critical sensors bctwW1l  -40°C ad 40°C



Throughout the Martian day and night. q’his is
accon~plishcd  by COnscrving the thermal energy which is
pumped into the WED throughout [hc day by an
intcrwrlly  mounlcd  heater. Dy the cnd of each day, the
inside c}f the WEB is cxpcdcd  to bc around 40°C.
During the nighl, the internal tcrnpcraturc  will drop.
Dascd upon the design and thcrnral  pcrfornramc  of the
WliB, however, the lcrnpcraturc inside will rurt fall below
-40”C before the sun has riscw the vchiclc has woken up,
and the control syslcm  is again actively lwating the inside
of Ihc WEB.

While tllc WI;13 is kcy to the thcrrnal  design of the rover,
the cur-runt linritcr  circuit dcscnbcd  earlier also plays a
important role. This circuit allows the WIUI heater to bc
tunmd on and automatically draw just enough current 10
keep t}w overall vchic]c operating at or mar the solar
panck  pak power point. In other words, it permits all
unused solar energy to bc routed to the WEB hcxdcr
without  causing Illc Core Bus voltage to drop and thereby
brown out the clcclronics.

I~lcc[ronic cotnponcnts  such as the rover’s cameras, lasers
and whcc] cncodcrs,  and clcctromcchanical  components
SUCII as the wheel drive motors obviously canno( be
l~ouscd w’itl~in  the Wl~Il and }Kncc must  bc capab]c d
wi(llstallding (1)c all~bicnt  tllcrmal  environment of Mars,
In (lIC ca.sc of lIIC cameras, lasers, and cncodcrs,  a
r i~orous  cnvimnnicntal  test plan was dcvclo~~d in order
10 qualify conmlcrcia]  components which, based upon
tllci] design, sllowcd  prolltisc  of being alrlc to survive the
clwiroluncnt.  A similar approach was taken to qualify tllc
II IOIOIS and g,car boxes used in the drive n~cclranism.  IN
[hc Iatlcr case, however, the cmuncrcia]  components were
rnodifwd in order to achicvc the rcccssary  pcrforrnarwx and
reliability.

TELECOMMUNICATIONS AND TELWvfEIRY

The rover rcccivcs  commands from its ground-based
operators via the lander. Similarly, it transmits tclcmctry
data collcctcd during the execution of each and every
coli~nmnd  to the lander which later forwards it to Iiarlh  1.
I’hc lander and rover conununicatc  with oac anotl~r
tluouch a p?ir of U] IF modcnrs.  l’hc modems opcra(c  at
459 Mlrz. and have range of approximately 500 meters.
TILcy conununicatc  at 9600 bps and achicvc  an cfkctivc
data translnission  rate of approxinratcly  1200 bps, Iloth

‘ ‘1’his mission dots not include an orlitcr.  l’hc tandcr
can rmly communicate with Errth when the IArth and
lander arc. in line-of-sight of onc another (i.e., af(cr l~.rth-
ri.sc and before l:kth-set).

modcnrs arc thcrnrally controlled, albcil  not vcv  tig}ltly,
to rcducc  drift within their transmit and rcccivc  os~i]lators
and to rninin~izc  the bit error rate. l“hc lander and ~vcr
arc both equipped with Onmi-directional whip antc[uns,
The rover’s antennae is dcpictcd  in Figrrrc  1 in its
deployed configuration.

Although the rover transmits tclcmctry data to the larutcr
inuncdiatcly  aflcr it is collcctcd,  it is not irnmcdiatcly
forwarded to Earth, Ttu.m arc two reasons for this. First,
duc to pmvcr  limitations and the rwcd to rcchargc  its
secondary battcncs  using solar energy, the lander only
conummicatcs  with Fhulh twice pcr Sol, once in the early
morning and orxx in the late aflcmcm Second, mvcr
tclcmctry  and lander tclcrnctry  packets arc prioritimd
according to the urgency with which the data is nccdcd on
the ground. Data critical to the planning of the next Sol’s
command scqucncc  is downlinkcd  first.  In tlc case of the
rover, such data would inchrdc  an “end-of-day” inragc cf
the rover (taken by the lander) and rover tclcrnctry which
indicates where the rover thinks it is and how succmsful  it
was at executing its daily command scqucncc.

~’hc communication protocol bctwccn  tl~c xover and
Iarldcr, wllilc conceptually straightforward, is qui[c
complex and includes several layers of cnor detection and
correction in order to acl~icvc a hi.@ dcgrcc of reliability
and data intccrity.  At tllc higllcs(  lCVCI, [lIc rover collects
tclcmctry  data in tllc form of message.s. I:2ich  IIKSSW,C
contains the data obtained during the execution of a sirqjc
rover conunand,  Messages arc transmitted to the lander
in tl~ form of CCSDS forrnalkd  packets. q’hc data field
within  a packet contains all or a porlion  of tlIc message,
depending upon the rncssagc’s  lcngh, and the packet’s
headers contain packet field position information and error
detection codes. At the 10WCS[ Icvcl,  the data link Iaycr,
each packet is transmiticd  to the tandcr by first  dividing
into franws  which have a maximum lcnglh of 2kbits.
Frarncs arc trm.smittcd  using handshaking-bawd protocol
with its own lCVC1 of error detection and conuction
I’lms,  error dctcc(ion and correction arc pcrfonncd  at both
the frarnc and packet lCVCL

It is \vortli  noting tlrat the lander dots not process the data
contairrcd  within the rncssagcs  sent by the rover. It
simply forwards thcrn  on to Earth. Similarly, the Ianctcr
dots not process the rover command scqucnccs  wlIich  it
rcccivcs from Earth and pmscs on to t}w rover. I’hc rover
thus proccsscs  all of its own tclcrnctry  data and command
scqucnccs in t}u sarnc fashion as a full up spacecraft

ONBOARD SENSORS



‘l”hc  rover contaim  an cxlcmivc  suite of sensors which arc
used for navigation, hamrd and obstacle detection, power
Inanagcnlcnl, faul[ protcctionj  a n d  c o l l e c t i o n  d
nlcastwcnlcnts  for particular Icchnology cxpcrinlcnls.  The
Iypcs of SCIL$OJS  and their primary fur~(ion(s) arc lis(cd in
Table 1, Many of these sensors arc used for rnorc than
onc purpose such as the carncras  which SCJVC as bolh a
principle component of the vclriclc’s’  proximity -basti
hamrd clctcction  systcrn and a general tcnain  imaging
syslcn],  The accclcrornctcrs,  which rncasurc the. vehicle’s
attitude (i.e., pitch and roll),  arc used to deter-mine if the
vchiclc  is tilling cxccssivcly,  to cornputc  heading (via
cmnpmsation  of the rate gyro n~casurmncnts)j  and to
idcn!ify  charrgcs in mission slate (e.g., prc-launch, cruise,
landed-ops).

4=Q Sensor Primary Function(s)

3 Ac@awnckrs }Iamrd Detection

3
1 Meg I I kad Reckoning— .
2 llutl~cbnssis) Collision Ihteclion— .
4 lluI!Ipcr  (solar)
2  CCIh  ( f r o n t )  — I imaging; Proximily.—

‘alidation

——-4 — J~— ;nlib.;  Scientific lmar,in~

j Collision Detection 1

-i-

2 l’e[n~  (Motor) I Motor Paformanw  FNaluation— —  .—
3 ‘1’cIIIy  (WKII, hfodem)l  “Ilermal Contl o! & Charactcri7.ntion i

+%i?it::~~

Arra I’wfrmnance  I;valuatirm
[)LIS1 A d h e r e n c e  J’arllclc  M a s s

i. )
5 (Iirr c~cf Pmva  Mnnap,qmx~t.——

~7 Dckic }’ositirm I Iantrd I>ctcctirm;  Mobility
] ]}ift’aclltial 1’0s. }Iazrrrd l)ctcction;  Mobility— .—. —
6 WIIccl Position Dead Reckoning

% ‘g)
4 ~!inp,  Anple I)irection Control

10 VOltfl~,e (Ilrrs, Re l’ow~  managmer]t/J:ault  Protwlion
1 Solar Cell Wheel Abrasion
I ADM Position Mechanisn~ I~ployment C!!ntrol
3 Jlum A1)M APXS Emplacement; Relense  Indicator
2 Real-Time Clock TimrYAJam~  Clock

Table 1 Onboard Scmors

COMh4AN1) ANII CONI’J{OI. STRATEGY

3’hc stra[cgy for conunanding  and controlling the rover is
based upon a con~bination of operator-based waypoint
dcsislmtion  [7] and O1lbOard behavior control [2]. 1’lLc
wraypoin( designation component deals with the ground-
bascd planning of tlc activity scqucncc and the intcrac(ivc
selection of the locations through which the vcl~iclc
should travel in order to reach the desired activity sites.
During this step in the process of controlling tlc rover, it
is tlc rcsporrsibili(y  of the human operator to dcsigmtc

paihs  (i.e., Scqucnccs of waypoints) which am fl~ ~
obstacles and/or hamrds which could threaten the ~lfclY  d
the vchic]c and jcopardim  the mission. T]IC ~]mvlordl

component of the control strategy corresponds to the
onboard  algori(hrns  which autononlous]y  and ~fc]y
mvigatc  the vehicle from onc waypoint to the next,
7%CSC  algorithms crrablc the rover to respond in real-time
to the uncertainties inherent in navigating through an
unkJ)own  terrain and in tk prcscncc of obstacles ardor
hazards which were undctcctcd  by the operator.

The task of dcsigmting  a waypoint  is conceptually quite
simple. Using tk display capabilities built into the
Rover’s Control Station, tl~ opxator looks at the local
Martian terrain in 3-D and chooses how best to get fitrrn
one location to another. The 3-D images arc obtained
fronl the lander’s slcrco imaging systcrn  which is located
approxima[cly  1.5 meters above the ground, (The
lander’s carncras  have an inlaging  resolution of 1
nlract@ixcl)  A joystick is then used to position a 3-D
gr~pllical  model of the rover at Iocations  (i,c., the
waypcsin[s) which, when conncctcd by strai~ht  lines,
dcflnc  the nonlinal  path through which the vchiclc  should
travel. If tllc terrain conlaim  nunlcrous  obstacles and/or
Iramrds,  I1lC  opc[a(or can space tllc waypoints relatively
CIOSC to OI)C another (e.g., 0.25 mclcrs),  whcnxrs if the
tcrsain  is rclativc]y  benign only a fcw waypoints  ]nay bc
nccdcd, 1’lLc clloicc of how n]ally  waypoinls  to dcsi~natc
is up to llIC o})cralor  and the cx~)crinlcllt  tcaru,

2’llc primary advanta~c of the aforcn~cn[ioncd control
Slrdtcgy IS the lllhC1tHll  SCl~ritiOIl  bctwccn  thC phiJIJlillg
and co~ltrol  frmctiom  which require significant processing
capabilities and can bc pxformcd on the ground, and
those which require relatively little computational
capability and can be in~plcrncntcd aboard the rover.

The locations through which the rover wilt travel and the
activi~ics that will bc performed at spczific  sites arc chosen
by the cxpcnrucnt  tcanl  based ur)on the results of rrrcvious
activities, tllc rnos[  rmcnt  inragcs of the rover and
Su~OLJndi Ilg lcrraiJl,  and the rdativc  inqmtancc  of lhc
cxpcrin~cnts  yet to bc con~plctcd. O n c e  Sclcckxl, (Ilc
opcr~lor uscs the intcrac{ivc  capabilities of the nnrcr
CO1drO1  S(atiOn  to Cons(ntct  the actual command ~uCIICC
to bc uplinkcd  to the rover via tllc Iandcr. The resulting
cxccutablc  command file is called a Rover Activity
Scqucncc  File, or RASF.

SO1<”I’WARE  DESIGN

TILc vchiclc’s  control softwa~ is’ organimd  as a sing]c
control loop, with i ntcrmpt  handling for a fav
asynchronous “reflex” events (such as bunqxr  contact) to



which I hc ruvcr must  react quickly [5]. This loop
dispatches periodic functions (C.g., ltlcrlnal  nmJragcIncnt,
aulon~?tic vehicle health checks, and command upload
requests) as indicalcd  by softwa~ tirncrs, and invokes
conmand handlers as dircctcd  by the uploaded command
Scqucncc.

l“hc command handlers all follow a common format:

.

.

●

✎

✎

✎

cxkact and validate any command pararnctcrs
verify that the cornnumd is allowed based on the
currcnl  rover state (e.g., mission phase and power
availability)
set a tin~cout limit for cmnplction  of the conunand
pcrforrn  (11c command
format and send tclcrnctry  containing command
execution results
rctunl a con~plction  status

~’hc arcl~itccturv of the vchielc’s  control systcru was
largely dictated by tllc fact that the VCIUCIC  dots not have
enough power to “walk and chew gun~ at the sarnc time. ”
For instance, lllcrc sinq)ly  isn’t enough power to run (lLC
RF traluwlittcr  and WILCC1  drive motors;  or IO run the
WfICCl dlivc  nlolors and the can~cras and lasers; or to IUn
tl~c AI’XS ills[rull~cnt  and the nlodcnl  transn)ittcr,  In fact,
tlic vchiclc is so pcnvcr stanwd, il nlLIsl sta~~cr start llIc
wheel dlivc ]notors, especially wllcn (llcy arc cold, to
illwtrc  tluit cacti 11:15  access to cnou~h power lhc llLS[aI1t
IIIcy turII on and CO to stall.

As a comcquctlcc,  there was no real advantage to using a
II)OIC convclllional real-tinlc, nlultilasking Sys[cnl
architcckrrc.  ]n fac~ the small benefits which could be
rcalimd  would bc ovcrwhchncd  by the nunlbcr  of issues
w h i c h  would ansc conccnring  the rel iabi l i ty  (f
multitasking kernel which would have to bc dcvclo@
frcm scratch for this vchiclc’s  cornputationally  c]nllcnged
80C85.

NAV1GAI’1ON

“1’hc  GoTo-XY  con)mand  is tlc  principle means fix
inskucting the rover to move fronl  onc waypoint to tllc
next while sinull(ancously  avoiding obstacles and
hwards,  As clcsclibcd,  tllc execution of the GoTo-XY
conunand, along with the rest of the commands in the
I< AS};, is jmfonncd con:plctcly  autonomously. In

addition to the GoTo-XY command, there arc several
other coninrands  which can bc used to reposition and/or
rcoricn[  the rover. These “discrctc-motion”  conunands,
however, arc intended for diaglurstic  purposes and do not
invoke feedback beyond tlrat of scrvoing  the drive and
steering n~otors  to spcciticd positions.

ThC irnplcntcntation  of the G03’o-XY Conunand  consists
of three primary components. ‘IhC first COlnponcnt  is t]lc

dead-mkoning algoritlun  which is used to COnlpUIC arl
estimate for the location (i c., tlw X-Y position and
kading)  of the rover relative to the lander. Thc Mding
cstirnatc  and current hcadirrg sctpoint  arc used by IIW low
ICVC1  servo systcrn  to conlrol  the vchiclc’s  Wxxing angle.
The second component is the underlying navigation
algorithm which sin~ply  drives the vclriclc  directly
towards IIK spccificd waypoint. ldcally, if no obstacles
and/or hazwds arc present and tl~ vclriclc  has Wtfd
tractiow the vchiclc will travel along a straight Iinc to the
waypoint. The third component is tl~ behavior SCI which
utilizes  information froru t}~ onboard scrrsors to dclcct the
prcsencc of obstacles and/or hamrds  and generate
stccnngldrivc  sclpoints  which override those gcncnrtcd by
the underlying navigation algorithm Once the vchic]c no
longer scmcs the prcscncc of an obs(aclcflnzird  and i( has
complctcd  executing its avoidance n~ancuvcr, the
bchaviorx  return to generating a “null” output and the
undcllying navigation algoritlm  takes control of the
Vchiclc.

OBSTACI.IYIIAZARD I> E’I’ilCTION

l“lLc Martian clwirolmcnt  poses n]any potcntjal  lhrcats to
the safc[y of lhc rover includi[lg  Iargc rocks, complex
boulder fields, cliffs, ravilics, cscarpnwllts,  steep s]opcs,
and dusl pits, just to narnc a few. l]] rcspomc, the ruvcr
is equipped witli  a variety of sensors for dctcctin~  the
prcscncc of ctit ical physical hmards.  ‘1’hcsc  sensors rm~c
fron~ sinq)lc  potclltion~ctcrs  w’llicll  n~casurc the kincnlatic
configuration of the mobility subsys(cn]  to the more
sophisticated proximity scn.sing systcru which  is
comprised of 5 laser stripe projectors and 2 CCD carncras.
While it is bcyord the scope of this paper to dcscribc  all
of these sensors, a bncf description of the proximity
sensing systcrn is in order

The stripe projectors and carncras arc mounted to the front
of the vchiclc  just below the solar panel as indicalcd in
Figure 1. The carucras  have a fbcal length of 4.0 rnnl
and an cxtrcrncly wide field of view, 1,7 radians in the
horizontal direction and 1.4 radians in the vertical
direction Inch CCD contains 767 x 484 with a
horizontal and vctiical  resolution of 2.9 mrad and 3.4
nu-ad, rcspcctivc]y. Thc CCDs,  includin~  t h e  mar
tnountcd  color C.C.D, arc controlled directly by the mvcr’s
CPU and associated digital 1/0 ports. While irnagcs  arc
scanned out quite slowly duc to the coruputational
limitations of the rover’s 80C85 processor, the cm~ts d

dark noise arc minimal duc to the naturally cold



tcnlpcraturcs  at which the CCDs will normally bc
operated (e.g., -60”C 10 -20°C).

‘1’hc stIipc projectors gcnmalc vertical planes of lighl
which crcatc stripes on the surfiirx  of obstacles and the
tcrlain  in front of the rover. Each projcdor  consists of a
860 nm, 200n~W laser diode and a single cylindrical
piano-convex lens which collimates the elliptical output
pattern of tk diode along the pattern’s minor axis. ‘l%c
major axis of the diode’s bcarn  pattern is left
uncollirualcd  to form the vcrlical  extent of the projector’s
oulput bean with a Full Wave Half  Maxirnurn  (FWIIM)
of 30 dc~rccs.

The stripe projectors arc mounted so that they project
vertical ldancs  of light in a cnss-cross  pattern in front d
the vchiclc  as illustrated in Figure 5. When viewed by
the carncras,  each stripe appears as a ragged line duc to the
inc~ularilics  in the terrain, I)ctcction of the stripes is
cnlQIrad by the fact that the can~crm arc cquipj~d with
very narrow band filters cmlcrcd at the wavelength of the
laser diodes,
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Figure 5: Plan view of st ripe projector beam pattcru

I“hc detection of the prwcncc of hazards using this
arrangctncnt of canicras and s[ripc projectors is

mnccptual]y  based upon triangulation and I!wcslroldi]lg
much like the focus on a point-and-shoot camera. Ill this
approac]l  triangulation is uSCd tO llWKUIC thC rmgc 10 an
obstacle and/or a surface patch upon which a Iig}lt  S{riW
has landed, Thrcsholding is then used to dctcnnilC
wicthcr or not the range rncasurctncnt  sigitifics  the
prcscncx of a kmrd.

When the vchiclc  is navigating, both the right and tcft
cameras arc used to sense for hazards alti validate wlwttwr
or not the vchiclc can safely turn in place. As the vchiclc
dnvcs forward it periodically stops, approximately every
WIW1  radius, turns on the firsl stripe projector, acquires
five scan lines worth of image data, turns the next stripe
projector, acquires frvc scan Iincs  of inragc data, and
repeats this process until all frvc skipcs have been
imaged. llrc scan Iincs arc then proccsscd using a sirnplc
peak dchxtor  to dctcrrninc where in each scan Iinc h
various s[ripcs  occur. l’hc rcsul(  is a 5 by 5 amy d’
rmgc nvMsurcnlcnts. ‘I”his  array is then analyzed in
scvcr~l ways to dctcrrninc if an obstacle or hazard exists in
front of the rover. In principle, analysis involves a sin]plc
comparison of the 25 pixel locations (i.e., rmgc
mcasurcmcnts)  to tllc  ranges at which these stripes would
fall if tllc vchiclc  whcm on flat [crrain Range values
si~lliflcantly  above Ihc flat terrain model indicar.c the
pIcscIIcc  of an obslac]c.  Values significantly below hurt cf
tl~c ]Ilodcl  iiidicaic tl~c prcscncc  of a drop o!T (c. ~., trcncll
or cliff). ‘J’lIc  tlucsliolds used to signify the. prcscncc of a
lward arc dctcrlllincd c]npirically  during  ground-based
testing and col[tain  a range of values rzqch of which
concspol&  to different lCVC1  of colmrvatisln  with rqyrcl
to how safe it is to drive over or across tllc hazard.

013 STACLWHAZARD AVOIDANCE

The rover avoid obstacles and other navigation related
lE77ards by invoking prcprograrnrncd behaviors which
override the default straight -line navigation algorithm.
3“11c particular behavior invoked depends upon which
lwards have been cncountcrcd,  For example, if proximity
sensing systcn~ dctcc(s an obstacle to tl~c right of the
vcllic]c,  the vchic]c will s[op, turn to tl~ Icf[ and drive
fomvard a slIort  distance. If no other hazards arc then
dctcc[cd,  the vchiclc  rc-invokes the straight-line
navigation algorithm and again starts heading directly
towards the next waypoint,

lf the rover is in cxlrcmcly  rough terrain, it may not bc
able to reach the next waypoint before timing out. If this
occurs, the rover will gcncmtc an intcnul cnor nlcSS+JC
(i,c., !_@g) which will then bc used tO dctcrminc  which
subsequent commands in the command scqucncc can still
bc cxccutcd.  It will also gcncratc an error mcssa.gc  wIhich
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will bc incorpcmtcd  into the normal traverse tclcrnctry
message which is arr[omatically  gcncratcd when the
Go”I’o-XY command CO1l)PIC(CS. At this Poin(,  the
glound-based opcralor  and cxpcnmcnt  learn can arudym
the situation using data collcctcd  during the vchiclc’s
attempt to reach the waypoint as well as lander-ba.scd
inragcs  of the rover, ‘1’hrcc oplions  exist, The first
option will most likely bc to replan the path using more
closely spaced waypoints in combination with more
realistic tirncout values. The scmnd option will bc to
update the onboard parameters which govern tnw “timid”
or “aggressive” tlc rover is. The more aggressive it is the
more it will rely on its mobility systcrn to surmount
obstacles. Naturally, tkrc is an associated risk to
commanding the vehicle to bc rnorc and more a~rcssivc.
The third and final approach will bc for the operator to usc
low ICVCI discrctc-motion  cmmnands  to “walk/guide” the
rover out of its current prcdicatncn(,

CONCI.UI)ING  REMARKS

I’hc Mars Patllfindcr Microrovcr will bc tllc first  robotic
vchiclc to explore the surface of another planet. During its
mission, the rm’cr will pcrforrn  a wide range of scicnt ific
and technological cxpcrimcnts.  in order to autononiously
lravi~atc  i n a relatively unknown and hmardous
cll\’ironnwlIt, indcpcndcnt  of tllc lander, this small
coli~IJ~]l:itiol~~lly  lill)itcd  vcl Iiclc must pxfonn all of the
fullctiom Iionnally associated with tlmt of a con]plctc
spacccraf(  It is able to accollqdish  this  tluou.gh  the usc d
a IIigldy  integrated systcn~ design and a sinqdc yet VCIY
cffcc(ivc approach to onboard  control and navigation.

The scicnm cxpcrimcnts,  which include operation of the
onboard Alpha Proton X-Ray Spcctrorncter,  will provide
data which can be uwd to identify the clcrncntal
composition of the Martian surfacz  and help scientists
understand how Mars was forrncd  and how it evolved.
The technology cxpcrirncnts  will provide data kcy to
understanding how tln mvcr intcmcts  with the Martian
tcrrair~ how WCII it is able wfcly navigate about the
surface, how cffcctivc it is at positioning scientific
instruments, and how’ well it pcrfonns  from an overall
systems cnginccring standpoint. All these will bc critical
to the dcsigli  of future low-cost planetary rovers. I’hc
success of this mission will hopefully lead to the
cxpandcct usc of robotic vchiclcs to facilitate the future
unmanned and manned exploration of our solar sys{cm,
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